Abstract | Rho family GTPases, and the proteins that regulate them, have important roles in many cellular processes, including cell division, survival, migration and adhesion. Although most of our understanding of these proteins has come from studies using cell lines, more recent gene targeting studies in mice are providing insights into the in vivo function of these proteins. Here we review recent progress revealing crucial roles for these proteins in lymphocyte development, activation, differentiation and migration. The emerging picture shows that Rho family GTPases transduce signals from receptors for antigens, chemokines and cytokines, as well as adhesion molecules and pattern recognition receptors, and that they function as focal points for crosstalk between different signalling pathways.
Rho family GTPases have been recognized as crucial signal-transducing proteins for almost 20 years. Whereas initial analysis of the prototypical family members RHOA (RAS homologue gene family member A), RAC1 and CDC42 (cell division cycle 42) identified important roles for these proteins in the regulation of the cytoskeleton, Rho GTPases also have crucial functions in cell division, survival, migration and adhesion. Most of our insight into these cellular functions has come from cell-based studies using dominant negative or constitutively active proteins. More recently, however, gene targeting in mice has allowed selective inactivation of different Rho GTPases and their regulators and subsequent analysis of in vivo function 1 . In this Review we discuss how this approach has considerably advanced our understanding of the physiological roles of these proteins in lymphocyte development and activation.
Features of Rho GTPases and their regulators
Mammalian Rho GTPases comprise a family of 23 proteins that are related in primary sequence. Phylogenetic analysis shows that these proteins cluster into several subfamilies based on sequence similarity (FIG. 1) . The prototypical members of the family, RAC1, CDC42 and RHOA, can bind both GTP and GDP. When bound to GTP they are active and can transduce signals by binding to effector proteins. By contrast, the GDP-bound forms do not bind effector proteins and are generally assumed to be inactive. However the Rnd (Rho-related GTP-binding protein family), RhoBTB (Rho-related BTB domain-containing protein family), RHOH, RHOU and RHOV GTPases are atypical and do not conform to this stereotypical mechanism of regulation as they are mainly GTP bound. They might instead be regulated by expression, phosphorylation or stability.
The switch between the GDP-and GTP-bound forms of typical Rho GTPases is regulated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (FIG. 2) . Most Rho GTPases are modified at the carboxyl terminus by the attachment of a prenyl group 2 . This contributes to the localization of the GTPases in the plasma membrane and therefore to their signalling function, as some effectors of the Rho GTPases are membrane-associated proteins and others are recruited to membranes by binding to the GTPases. Guanine nucleotide dissociation inhibitors (GDIs) bind to the C-terminal lipid groups on GTPases, thereby inhibiting membrane binding and maintaining them in a state where they cannot be activated and are unable to interact with effector proteins.
When in the GTP-bound active form, Rho family GTPases transduce signals by binding to effector proteins
. These in turn are involved in many cellular processes including regulation of the actin cytoskeleton, microtubule dynamics, cell division, migration and adhesion (see recent reviews 1, 3 for more detail regarding effector proteins).
There are 79 identified GEFs for Rho family GTPases in the mammalian genome 4 . The largest subgroup of these, containing 66 members, is the Dbl family, all of which contain a Dbl homology (DH) domain, which has the catalytic GEF activity. The Dock (dedicator of cytokinesis) family of GEFs is distinguished from the Dbl family by not having a DH domain. Instead, catalytic activity resides in Dock homology region 2 (DHR2). Finally, the related proteins SWAP70 (switch-associated protein 70) and IBP (IRF4-binding protein; also known as SlAT and DEF6) are GEFs for Rac GTPases but they contain neither a DH or a DHR2 domain.
There are currently 65 Rho family GAPs known in mice. All of these are characterized by a conserved Rho GAP domain, which contains the catalytic activity of the enzymes 5 . Both the GEFs and the Rho GAPs usually contain other domains, including protein-protein interaction domains and catalytically active domains. The reasons for the large number of GEFs and GAPs relative to Rho family GTPases are not known. Although some GEFs are specific for only one or a few GTPases (such as intersectin 1 for CDC42), others have a broader specificity (for example, VAV1 acts on RAC1, RHOA, RHOG and CDC42). The same is true for GAPs. It is probable that this diversity of regulators functions to transduce signals from many different receptors to the GTPases, suggesting that these GTPases function as focal points for crosstalk between different signalling pathways.
Finally, there are three GDIs for Rho family GTPases: GDIα, GDIβ and GDIγ. Comprehensive discussions of the GEFs, GAPs and GDIs that regulate Rho family GTPases are reviewed elsewhere [4] [5] [6] . Analysis of mRNA levels for Rho family GTPases and their regulators shows that approximately half of the members of these large families are expressed by lymphoid cells (TABLE 1 and Supplementary information S1  (table) ). In particular, 14 out of 23 GTPases, 36 out of 79 Rho GEFs, 38 out of 65 Rho GAPs and 2 out of 3 Rho GDIs are expressed by one or more lymphoid lineages, which indicates that this large group of signal transducers has important roles in lymphocyte biology.
GTPases and their regulators in B cells
B cell development starts in the bone marrow and proceeds through an ordered series of maturation steps resulting in the release of IgM-expressing immature B cells, which migrate to the spleen where they undergo further maturation to give rise to follicular B cells and marginal zone B cells (FIG. 3) . Follicular B cells recirculate between secondary lymphoid organs through the blood and lymphatic systems. Following engagement of their B cell receptor (BCR) with antigen, they are activated, move to germinal centres in the lymphoid tissue and, with T cell help, differentiate into plasma cells secreting high affinity antibodies or into long-lived memory B cells.
B cell development.
The roles of RAC1 and RAC2 in B cell development have been investigated using mice deficient in either or both GTPases. Whereas loss of RAC1 had no apparent effect, a deficiency in RAC2 results in loss of marginal zone and B-1 cells without affecting follicular B cells 7, 8 . By contrast, loss of both RAC1 and RAC2 led to a complete block in the development of all B cell lineages, with arrest at the transitional B cell stage in the spleen 8 . Analysis showed that RAC1 and RAC2 are required for these earliest transitional B cells to migrate from the red pulp to the white pulp of the spleen, most probably because of a crucial role for Rac GTPases in transducing chemokine receptor signals (R.B.H. and V.l.J.T., unpublished observations). This migration is essential for the survival of transitional B cells and their subsequent maturation into follicular and marginal zone B cells. The redundancy between RAC1 and RAC2 revealed by these studies is an emerging theme of Rho GTPases and their regulators.
B cell development is also perturbed in the absence of the Vav GEFs. A deficiency of VAV1 results in a decreased number of B-1 cells, but has little or no effect on the development of either follicular or marginal zone B cells, despite impaired BCR signalling 9 (see later). By contrast, deficiency of VAV2 alone had no effect on B cell development, whereas mice lacking both VAV1 and VAV2 had a strong developmental block that resulted in decreased numbers of follicular and marginal zone B cells, which was further enhanced in the absence of all three Vav proteins (VAV1, VAV2 and VAV3), once again revealing redundancy of function [10] [11] [12] [13] . The developmental block in these mice occurs between T1 and T2 transitional splenic stages, indicating that Vav proteins have a crucial role in this late step of B cell maturation. This is at least partly due to a function for Vav proteins in transducing nuclear factor-κB (NF-κB)-dependent survival signals from the BCR 13 . Interestingly, the developmental block seen in Vav-deficient B cells is 
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Box 1 | Effector proteins of Rho GTPases that regulate the actin cytoskeleton
Regulation of the actin cytoskeleton downstream of the Rho GTPases CDC42 (cell division cycle 42), RAC1, RHOV (RAS homologue gene family member V) and RHOA is mediated by several effector proteins (see figure) . CDC42 activates WASP (Wiskott-Aldrich syndrome protein), which, through the ARP2/3 protein complex, leads to actin polymerization from the sides of existing filaments, creating branched structures. RAC1 activates the same pathway through the WASP-related WAVE (WASP family verprolin homologous protein) family of proteins. Both CDC42 and RAC1 activate DIAP3 (also known as mDIA2), leading to the nucleation of unbranched actin filaments. The same two GTPases also activate the PAK family kinases, which phosphorylate and activate LIMK (LIM domain kinase), a kinase that in turn phosphorylates and inhibits cofilin. Cofilin promotes severing of actin filaments and depolymerization, hence its inhibition leads to increased stability of polymerized actin. RHOV inhibits PAK activation 117 . LIMK is also activated by ROCK (RHO-associated coiled-coil-containing protein kinase), a kinase effector that is downstream of RHOA. ROCK increases the phosphorylation of myosin light chain (MLC) by phosphorylating and inhibiting myosin light chain phosphatase (MLCP), and might also directly phosphorylate MLC. Phosphorylation of MLC leads to its increased association with actin filaments. Finally, PAK counteracts ROCK function by inhibiting MLC kinase (MLCK), thereby reducing phosphorylation of MLC. Interestingly, in migrating T cells there is spatial segregation of these pathways, with MLCK activated mainly at the leading edge and ROCK activated in the trailing edge 118 . Many of the pathways illustrated here have been identified in non-lymphoid cells and it is not known if they exist in B or T cells.
Immunological synapse
A region that can form between two cells of the immune system in close contact. The immunological synapse originally referred to the interaction between a T cell and an antigen-presenting cell. It involves adhesion molecules, as well as antigen receptors and cytokine receptors. The immunological synapse is characterized by polarization of the lymphocyte, resulting, for example, in directed secretion towards the antigen-presenting cell.
distinct from that seen in the absence of RAC1 and RAC2. Whereas deficiency of Rac proteins results in a block in the earliest T0 transitional subset, before migration into the splenic white pulp, lack of all three Vav proteins arrests development at the later T1 transitional stage and has no effect on migration of these cells into the white pulp or on chemokine responsiveness in vitro, implying that a nonVav GEF, such as a Dock family member, is required for chemokine-induced Rac protein activation in transitional B cells (R.B.H. and V.l.J.T., unpublished observations).
Deletion in pro-B cells of RACGAP1, a Rho GAP with broad specificity, results in defective interleukin-7 (Il-7)-induced cell proliferation and survival 14 .
Interestingly, RACGAP1 has recently been shown to function as a nuclear chaperone that is required for the nuclear import of phosphorylated signal transducer and activator of transcription (STAT) proteins, which have essential roles in transducing signals from cytokine receptors 15 .
B cell activation and function. Inhibition of RHOA in both primary B cells and a B cell line showed that this GTPase is required for BCR-induced synthesis of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ), which is hydrolysed to generate inositol-1,4,5-trisphosphate (InsP 3 ) and diacylglycerol (DAG) by phospho lipase Cγ2 (PlCγ2) 16 (FIG. 4) . So, inhibition of RHOA leads to less InsP 3 production, less calcium flux and decreased B cell proliferation. RHOA might mediate this function by either directly activating or controlling the localization of phosphatidylinositol 4-kinase (PI4K) and phosphatidylinositol-4-phosphate 5-kinase (PIP5K), which are lipid kinases that are required for the synthesis of PtdIns(4,5)P 2 in response to BCR signalling.
In B cells that lack RAC2 alone, or RAC2 and one allele of RAC1 (Rac1 +/-Rac2 -/-), BCR-induced proliferation of B cells was decreased, as was BCR-induced calcium flux, AKT activation and induction of expression of BCl-X l (also known as BCl-2l1) and cyclin D2 (REF. 8 ). RAC2-deficient B cells have defects in the formation of an immunological synapse, owing to defective activation of lymphocyte function-associated antigen 1 (lFA1)-mediated adhesion 17 . This might be due to a role for RAC2 in transducing BCR signals to activate RAP1 and to induce actin polymerization, both of which have been proposed to regulate lFA1 avidity 18 . Finally, a deficiency of RAC2 results in defective T cell-independent B cell responses 7 . Figure 2 | Regulation of Rho GTPases. This figure shows a generic Rho GTPase anchored to the membrane with a prenyl group near the carboxyl terminus (zigzag line). The GTPase binds either GDP or GTP. Guanine nucleotide exchange factors (GEFs) catalyse the release of GDP from the GTPase, allowing GTP to bind. GTPase-activating proteins (GAPs) increase the intrinsic GTPase activity of the Rho proteins, causing GTP to be hydrolysed to GDP and phosphate (P i ). GEFs and GAPs are often constitutively or inducibly associated with membranes. GDP-bound Rho proteins can be sequestered by Rho guanine nucleotide dissociation inhibitors (GDIs), which bind to the prenyl group and thereby inhibit membrane binding of the GTPase. GTP-bound Rho proteins transduce signals by binding to effector proteins. 
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Red pulp Follicle RHOG-deficient mice do not have a severe phenotype, showing a mild increase in the humoral immune response to T cell-dependent antigens and a subtle increase in the proliferation of B and T cells following antigen receptor cross-linking 19 . As RHOG is most closely related to the Rac group of GTPases (FIG. 1) , there might be functional redundancy between RHOG and the Rac proteins.
BCR-induced cell proliferation is partially compromised in the absence of VAV1, a defect that is enhanced in the absence of the other Vav isoforms [9] [10] [11] [12] 20 . This is due to, at least in part, a role for Vav proteins in transducing BCR signals, leading to intracellular calcium flux and activation of phosphoinositide 3-kinase (PI3K), AKT and NF-κB [10] [11] [12] [13] 21, 22 (FIG. 4) . Interestingly, BCR-induced activation of ERK (extracellular signal-regulated kinase) is normal, even in the absence of all three Vav proteins 12 . This is in contrast to a key role for Vav proteins in transducing signals from the T cell receptor (TCR) to ERK activation (see later), illustrating differences in signalling pathways between B and T cells. Microscopy studies have shown that B cells deficient in both VAV1 and VAV2 have defective BCR-induced cell adhesion and spreading on ICAM1 (intercellular adhesion molecule 1)-coated surfaces, decreased actin polymerization and defective formation of signalling microclusters and the immunological synapse 17, 23 . The similarity of the BCR signalling defects between B cells deficient for VAV1 and VAV2 and B cells deficient for RAC1 and RAC2 indicates that these proteins lie in the same pathway, with Vav proteins transducing BCR signals to Rac protein activation, which leads to calcium flux, activation of PI3K and increases in adhesion and actin polymerization. In VAV1-deficient mice, both T cell-dependent and T cell-independent antibody responses were reduced 9, 20 . This was further exacerbated in the absence of VAV2 and VAV3 . The decreased T cell-dependent B cell response of VAV1-deficient mice was most probably due to defective help from VAV1-deficient CD4 + T cells 9 . Follicular B cells deficient in VAV1 and VAV2 were reported to have reduced lipopolysaccharide (lPS)-induced proliferation and activation of AKT and NF-κB, suggesting that Vav proteins transduce signals from Toll-like receptor 4, the receptor for lPS 11, 24 .
By contrast, marginal zone B cells that lack all three Vav proteins had normal lPS-induced proliferation 25 . PAK-interacting exchange factor-α (αPIX; also known as ARHGEF6) and βPIX (also known as ARHGEF7) are GEFs for RAC1 and CDC42. Mice deficient in αPIX have reduced numbers of mature B cells in lymph nodes and defects in BCR-induced proliferation 26 . Deficiency of αPIX does not affect BCR-induced calcium flux, but results in decreased phosphorylation, and therefore activation, of PAK1 (p21-activated kinase 1) and PAK2, which transduce signals to regulate the actin cytoskeleton (FIG. 4; BOX 1) . in the cytoplasmic domains of Igα and Igβ, recruitment and activation of the tyrosine kinase SYK (spleen tyrosine kinase), phosphorylation of the adaptor protein BLNK (B cell linker) and assembly of a complex including BTK (Bruton's tyrosine kinase), VAV1 and PLCγ2 (phospholipase Cγ2). Activation of PLCγ2 leads to hydrolysis of the lipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) to the second messengers inositol-3,4,5-trisphosphate (InsP 3 ) and diacylglycerol (DAG). PtdIns(4,5)P 2 is synthesized by sequential phosphorylation of phosphatidylinositol (PtdIns) to phosphatidylinositol-4-phosphate (PtdIns(4)P) and then to PtdIns(4,5)P 2 by phosphatidylinositol-4-kinase (PI4K) and phosphatidylinositol-4-phosphate 5-kinase (PIP5K), respectively. Both of these kinases are activated by RHOA (RAS homologue gene family member A). VAV1 might contribute to the activation of PLCγ2 through an adaptor function and, through RAC1, lead to increased synthesis of phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P 3 ), potentially by activating phosphoinositide 3-kinase (PI3K). Increased levels of InsP 3 lead to an increase in intracellular Ca 2+ and eventually to activation of nuclear factor of activated T cells (NFAT). DAG activates the RAS exchange factor RASGRP (RAS guanyl-releasing protein), leading to activation of RAS and the RAF, MEK (MAPK/ERK kinase) and ERK (extracellular signal-regulated kinase) cascade. Ca 2+ and DAG can also contribute to activation of NF-κB (nuclear factor-κB) through PKCβ (protein kinase Cβ). PtdIns(3,4,5)P 3 leads to activation of the kinase AKT, which signals cell survival through inhibition of the FOXO (forkhead box O) transcription factors. Signalling from the BCR also activates αPIX (PAK-interacting exchange factor-α), and hence RAC1 and PAK (p21-activated kinase). CDC42, cell division cycle 42; GIT, G protein-coupled receptor kinase-interactor. 
Intravital microscopy
This is used to examine biological processes, such as leukocyte-endothelial-cell interactions, in living tissue. In general, translucent tissues are used, such as the mesentery or cremaster muscle, or lymph nodes, which can be exposed and mounted for microscopic observation.
B cell migration. RAC2-deficient follicular B cells have partially decreased migration in response to the chemokines CXC-chemokine ligand 12 (CXCl12) and CXCl13 in vitro and reduced homing to lymph nodes in vivo 7 . A more marked phenotype is seen in transitional B cells deficient in both RAC1 and RAC2, which have a severe defect in migration from the blood through the red pulp of the spleen into the white pulp, and they are very defective in chemotaxis in response to CXCl12, CXCl13 and CCl21, chemokines that direct the migration of B cells into follicles of secondary lymphoid tissue (R.B.H. and V.l.J.T., unpublished observations).
lSC (also known as ARHGEF1) is a haematopoietic cell-restricted GEF for RHOA, which interacts with G protein-coupled receptor (GPCR)-associated Gα 12 and Gα 13 proteins (FIG. 5) . In addition to its DH domain with GEF activity, lSC has a regulator of G protein signalling (RGS) domain, which binds to Gα proteins and increases their intrinsic GTPase activity, thereby turning off GPCR signalling. So lSC seems to carry out two functions. First, it transduces GPCR signals from Gα 12 and Gα 13 proteins to activate RHOA and second, it attenuates other Gα 12 -or Gα 13 -coupled GPCR signals. In lSC-deficient mice, the number of B cells is decreased as are T cell-dependent antibody responses to protein antigens owing to a cellintrinsic requirement for lSC in B cells 27, 28 . Further analysis has shown that lSC-deficient marginal zone B cells migrate more effectively in response to sphingosine 1-phosphate (S1P) in vitro, which might be due to the loss of lSC-mediated inhibition of signalling from Gα 12/13 -coupled S1P receptors. By contrast, lSC-deficient marginal zone B cells have a defect in their ability to detach from ICAM1 and they do not migrate to the follicles following lPS stimulation in vivo. The defects in migration to the follicles might reflect a requirement for lSC-mediated RHOA activation in the disengagement of integrin binding at the trailing edge of the migrating B cell 28 . To gain a better understanding of lSC function, mutants that selectively perturb either the GEF or the RGS activity of lSC need to be analysed.
DOCK2 is a Rac-specific GEF that has crucial roles in chemokine receptor signalling (FIG. 5) . DOCK2-deficient B cells have greatly reduced chemotaxis in vitro in response to CXCl12 and CXCl13 and defective homing to lymph nodes and splenic white pulp in vivo 29 . The cells also show impaired chemokine-induced activation of RAC1 and RAP1, actin polymerization and integrinmediated adhesion 29, 30 . Intravital microscopy shows that 
Lamellipodium
A flattened, sheet-like protrusion that is supported by a meshwork of F-actin and extends at the leading edge of crawling cells.
Uropod
A slender protrusion that forms at the trailing end of migrating leukocytes.
Positive selection
A process in the thymus that leads to the survival of immature thymocytes that express T cell receptors that bind with an appropriate affinity to self peptide-MHC complexes.
DOCK2-deficient B cells have a reduced ability to adhere strongly to high endothelial venules of lymph nodes and show reduced interstitial mobility in lymph node follicles 30, 31 . Finally, DOCK2 is also required for S1P-mediated egress of B cells from lymph nodes 31 . B cells deficient in the Rac-specific GEF SWAP70 are defective in constitutive trafficking to lymph nodes and in homing to inflamed lymph nodes 32 . Unlike DOCK2, SWAP70 is not required for chemokine-induced migration or adhesion to integrin ligands. Instead, SWAP70-deficient B cells have perturbed morphology, with unstable lamellipodia and fewer uropods. Intravital microscopy shows that SWAP70-deficient B cells roll and adhere normally to the high endothelial venules of lymph nodes, but they are defective in transmigration 32 . The physiological effect of these defects is to impair the ability of B cells to participate in germinal centre and memory responses to T cell-dependent antigens 33 . Surprisingly, however, loss of SWAP70 results in increased numbers of high-affinity plasma cells in the bone marrow and splenic red pulp.
In summary, these studies show that in B cells, Rho GTPases lie at points of crosstalk between signalling pathways from multiple receptors. As a result, they have crucial roles in B cell development, migration and activation. (FIG. 6) . These cells exit the thymus, becoming naive CD4 + or CD8 + T cells, which continuously recirculate between secondary lymphoid organs. Activation of T cells through the TCR leads to their differentiation into effector and memory T cells.
GTPases and their regulators in T cells
T cell development.
Mice deficient in RHOC have no alterations in the development, activation or migration of B or T cells 34 . RHOB-deficient mice have been generated, but no analysis of the lymphoid compartment has been carried out 35 . Most information about the role of this subfamily of Rho GTPases in T cells has come from transgenic mice expressing either a constitutively active form of RHOA (V14RHOA) or Clostridium botulinum C3 transferase in the T cell lineage. C3 is a toxin that ADP-ribosylates RHOA, RHOB and RHOC in the effector-binding domains, thereby inactivating their function. Transgenic expression of V14RHOA results in more efficient positive selection of CD8 SP thymocytes and T cells 36 . C3-transgenic mice have a marked 
Negative selection
A process in the thymus that eliminates thymocytes that express T cell receptors that bind with high affinity to self peptide-MHC complexes.
γδ T cells
T cells that express the γδ T cell receptor. These T cells are present in the skin, vagina and intestinal epithelium as intraepithelial lymphocytes (IELs). Although the exact function of γδ T cells is unknown, it has been suggested that mucosal γδ T cells are involved in innate immune responses.
inhibition of thymopoiesis, with a large decrease in the size of the DN type 2 (DN2) and DN3 subsets because of increased apoptosis, leading in turn to reduced numbers of DP and SP thymocytes and T cells 37, 38 . Thymocytes expressing C3 have specific reductions in the expression of transcription factors of the EGR1 (early growth response 1) and AP1 (activator protein 1) families 39 . This could account for the developmental arrest in these mice, as these factors are important for the proliferation and differentiation of early thymocyte subsets.
Expression of a constitutively active form of RAC1 (l61RAC1) in the thymus can partially overcome the developmental block in recombination-activating gene 1 (RAG1)-deficient mice. Whereas in the absence of RAG1 T cell development is arrested at the DN stage due to the lack of a pre-TCR, expression of l61RAC1 resulted in the appearance of some DP thymocytes although in smaller numbers than normally found in a wild-type thymus 40 . Furthermore, expression of l61RAC1 diverts DP thymocytes from positive to negative selection 41 . These results imply that RAC1 might normally have a role in these developmental transitions. By contrast, transgenic mice expressing a constitutively active form of RAC2 in the thymus had increased apoptosis of both DP and SP thymocytes 42 . This could reflect a different function for RAC2 compared with RAC1 or might be due to different levels of expression of the transgenes. More recently however, mice that lack RAC1, RAC2 or both in the T cell lineage have been analysed. Whereas elimination of either GTPase alone has no effect on T cell development, in mice that lack both GTPases there is a marked block in development at the pre-TCR checkpoint and also a defect in the positive selection of DP thymocytes, demonstrating functional redundancy between these highly related GTPases 43, 44 . Unexpectedly, loss of both RAC1 and RAC2 leads to the aberrant appearance of a population of thymocytes that lack expression of TCRβ, with hallmarks of hyperactive signalling from Notch receptors, which have important roles in controlling the differentiation of DN thymocytes 45 . These results suggest that RAC1 and RAC2 might negatively regulate Notch function during early thymic development.
T cell development in mice deficient in VAV1 is partially blocked at the pre-TCR checkpoint, resulting in decreased numbers of DP thymocytes [46] [47] [48] [49] . Furthermore, there is also a marked defect in both positive and negative selection of DP thymocytes 46, 48, 50 . These defects suggest an important role for VAV1 in transducing pre-TCR and TCR signals. In agreement with this, VAV1-deficient DP thymocytes are defective in TCR-induced calcium flux and TCR-induced activation of ERK MAP kinases, protein kinase D and PI3K 46, 51, 52 . The defects in calcium flux and ERK activation most probably result from defective activation of PlCγ1. Interestingly, the block at the pre-TCR checkpoint in VAV1-deficient mice can be rescued by transgenic expression of constitutively active RAC1, suggesting that VAV1 transduces pre-TCR signals to activate RAC1 (REF. 40 ). These blocks in thymocyte development are more pronounced in the absence of all three Vav proteins, which results in an almost complete block in development at the pre-TCR and TCR checkpoints and supports the idea that these three related GEFs have overlapping and redundant functions 12 . In contrast to its role in the development of T cells expressing αβ TCRs, VAV1 is not required for the development of γδ T cells 53 . Nonetheless, VAV1-deficient γδ T cells cannot proliferate or secrete cytokines normally in response to TCR stimulation.
In the absence of lSC, thymocyte numbers are increased, most probably because of defective apoptosis 54 . This might be due to the reduced apoptosis of lSCdeficient thymocytes in response to thromboxane A 2 (TXA 2 ), a prostanoid that signals through the Gα 12 -and Gα 13 -coupled thromboxane prostanoid receptor (TPR) leading to cell death (FIG. 5) . lSC selectively couples to only a subset of TPR signalling pathways. So whereas TXA 2 -induced RHOA activation, actin polymerization and cofilin phosphorylation were all reduced in the absence of lSC, there was no effect on TXA 2 -induced activation of ERK or p38 MAP kinase pathways 54 . By contrast, lack of lSC had no effect on TCR-induced apoptosis, demonstrating selective coupling of GEFs to specific receptors.
DBS (also known as ARHGEF14) is a GEF for RHOA and CDC42 that is expressed throughout thymocyte development. Transgenic mice expressing an activated form of DBS had larger numbers of DN thymocytes, but increased apoptosis in more mature DP and SP thymocyte subsets 55 . DOCK2-deficient mice have impaired positive and negative selection of DP thymocytes 56 . In particular, there is a large reduction in the number of CD1d-restricted natural killer T cells expressing a Vα14 + TCR. It is unclear why this subset is affected disproportionately 57 . Finally, in mice deficient in IBP, a SWAP70-related GEF that acts on both RAC1 and CDC42 (REFs 58-60), one study found that T cell development was normal 61 , whereas a second report showed that lack of IBP results in a smaller thymus due to reduced numbers of the earliest DN1 cells 62 . 63 . This is accompanied by a small decrease in TCR-induced calcium flux and TCR-induced activation of ERK and p38 MAP kinase pathways. It is notable that this phenotype is much milder than that seen in the absence of the Rac GEF VAV1, implying that in the absence of RAC2, other GTPases might have an important role in T cell activation. In view of the marked redundancy between RAC1 and RAC2 in T cell development 43, 44 , it is probable that the same is true for T cell activation.
T cell activation. RAC2-deficient T cells have a partial defect in TCR-induced activation and proliferation
The RHOH GTPase is expressed mainly in the haemato poietic system and is atypical in that it mainly binds GTP. RHOH-deficient T cells are defective in TCR-induced activation and proliferation 64, 65 . In the absence of RHOH, TCR-induced calcium flux and ERK activation are reduced, as is the recruitment of the tyrosine kinase ZAP70 (ζ-chain-associated protein kinase of 70 kDa) to the plasma membrane, most probably because RHOH functions as an adaptor (FIG. 7) . RHOH contains two tyrosine residues, which Nature Reviews | Immunology So, in the absence of RHOH, there is less ZAP70 recruitment to the plasma membrane and therefore less signal transduction to downstream components such as ERK. This might account for the marked developmental block in the thymus of RHOH-deficient mice at both the pre-TCR and positive selection checkpoints, resembling that seen in ZAP70-deficient mice 64, 65 . These studies support the emerging idea that Rho GTPases or their regulators have functions that are unrelated to their canonical roles as GTPases. Stimulation of T cells through the TCR results in rapid tyrosine phosphorylation of VAV1, which activates its GEF activity towards RAC1, CDC42 and RHOA [66] [67] [68] [69] . VAV1-deficient T cells proliferate less well and secrete less Il-2 in response to stimulation through the TCR 47, 49, [70] [71] [72] . In the absence of VAV1, there is a reduction of TCR-induced calcium flux, and less activation of ERK Figure 7 | Signal transduction from the T cell receptor. Binding of a peptide-MHC complex to the T cell receptor (TCR) leads to activation of the tyrosine kinases LCK and ZAP70 (ζ-chain-associated protein kinase of 70 kDa), phosphorylation of the adaptor protein LAT (linker for activation of T cells) and assembly of a complex including GADS (GRB2-related adaptor protein), SLP76 (SH2 domain-containing leukocyte protein of 76 kDa), NCK (non-catalytic region of tyrosine kinase), ITK (IL-2-inducible T cell kinase), PAK (p21-activated kinase), VAV1 and PLCγ1 (phospholipase Cγ1). Activation of PLCγ1 leads to hydrolysis of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) to the second messengers inositol-1,4,5-trisphosphate (InsP 3 ) and diacylglycerol (DAG). VAV1 can contribute to the activation of PLCγ1 through an adaptor function and through RAC1 to increased synthesis of phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P 3 ), potentially by activating phosphoinositide 3-kinase (PI3K). Increased levels of InsP 3 lead to an increase in intracellular Ca 2+ levels and eventually to activation of nuclear factor of activated T cells (NFAT). DAG activates the RAS exchange factor RASGRP (RAS guanyl-releasing protein), leading to activation of RAS and the RAF, MEK (MAPK/ERK kinase) and ERK (extracellular signal-regulated) kinase cascade. DAG can also contribute to the activation of nuclear factor-κB (NF-κB) by PKCθ (protein kinase Cθ). PtdIns(3,4,5)P 3 leads to activation of the kinase AKT which signals cell survival by inhibiting the transcription factor FOXO1 (forkhead box O1) . TCR signalling through IBP (IRF4-binding protein) leads to activation of CDC42 (cell division cycle 42) and increased intracellular Ca 2+ levels. ITAM, immunoreceptor tyrosine-based activation motif; RHOH, RAS homologue gene family member H.
Ezrin, radixin and moesin (ERM) proteins
ERM proteins function as general cytolinkers between the cortical actin-filament network and the plasma membrane, and are thought to function mainly through their ability to bind both F-actin and the cytoplasmic regions of integral membrane proteins.
and AKT and the transcription factors nuclear factor of activated T cells (NFAT), NF-κB and serum response factor (SRF) 70, 71, [73] [74] [75] (FIG. 7) . Similar changes were also seen in a VAV1-deficient Jurkat T cell line 76 . Defects in both calcium flux and ERK activation in the absence of VAV1 seem to be secondary to a failure to activate PlCγ1, which results in decreased production of InsP 3 and DAG 52 . Whereas InsP 3 is required for calcium flux, DAG activates RASGRP (RAS guanyl-releasing protein), which is a Ras GEF, and therefore RAS, B-RAF, MEK (MAPK/ERK kinase) and ERK 51 . The defective TCRinduced activation of AKT in VAV1-deficient T cells is probably due to reduced PI3K activation, and in turn results in reduced phosphorylation and nuclear translocation of the transcription factor FOXO1 (forkhead box O1), and thus less induction of the cell cycle inhibitor p27 (also known as KIP1) 52, 75 . However one study has failed to find a role for VAV1 in TCR-induced activation of AKT 77 . VAV1 might control the activation of NF-κB by associating with PKCθ (protein kinase Cθ) and recruiting it to the plasma membrane 78, 79 . Interestingly, caspase 3-mediated cleavage of VAV1 has been proposed to contribute to the unresponsiveness to TCR stimulation of anergic T cells 80 . VAV1 is required to transduce inside-out signals leading to the activation of lFA1, and hence to adhesion between T cells and antigen-presenting cells (APCs) 81, 82 . In the absence of VAV1 there is less actin polymerization, less clustering of TCRs and lipid rafts at the immunological synapse and reduced movement of the microtubule-organizing centre (MTOC) towards the T cell interface with the APC 71, [81] [82] [83] [84] . VAV1 could control the reorganization of the actin cytoskeleton through its GEF activity on RAC1 or through its association with dynamin 2 or EZH2 methyltransferase 85, 86 . Finally, VAV1 and RAC1 have been shown to transduce TCR signals leading to the dephosphorylation and inactivation of ezrin, radixin and moesin (ERM) proteins, which function as linkers between the actin cytoskeleton and the plasma membrane, thereby leading to a transient increase in cell deformability and more efficient conjugate formation 87 . A recent study using T cells from mice with a knockin mutation that eliminates the GEF activity of VAV1 but leaves its other domains intact has shown that the GEF activity is required for TCR-induced activation of AKT, but not for calcium flux or activation of the ERK MAP kinase pathway, demonstrating that VAV1 must have GEF-independent functions (A. Saveliev and V.l.J.T., unpublished observations). VAV1 could function as an adaptor protein that controls the formation of a signalling complex that is required to activate PlCγ1 (REFs 52, 88, 89) . Some evidence for this has come from studies showing that overexpression of a GEF-inactive VAV1 in Jurkat T cells results in an increase in NFAT-dependent gene transcription 90 . Furthermore, mutation of the calponin homology domain interferes with the ability of VAV1 to activate calcium flux in Jurkat T cells, suggesting that this domain might be involved in the adaptor function of VAV1 (REFs 76, 91) . This work provides another example of a GTPase regulator, the function of which is in part unrelated to its canonical role as a GEF.
Most VAV1 is localized to the cytoplasm in naive unstimulated T cells and is recruited to the plasma membrane following TCR stimulation; however, VAV1 might also have a role in the nucleus 92 . In a surprising finding, CD28 stimulation in T cells was shown to result in the methylation of VAV1 on an arginine residue 93 . The importance of this modification remains unknown but, interestingly, methylated VAV1 is selectively localized to the nucleus.
Mice deficient in αPIX have reduced numbers of mature T cells and these show defective TCR-induced proliferation and cytokine secretion 26 . Analysis showed that many TCR-proximal signalling events were not disturbed by the absence of αPIX, including TCR-induced activation of both RAC1 and CDC42, showing that αPIX does not transduce TCR signals to the activation of these GTPases. However, αPIX-deficient T cells have defective TCR-induced phosphorylation of PAK1 and PAK2 and less recruitment of these kinases to the immunological synapse, probably through a GPCR kinase-interactor (GIT)-αPIX-PAK1 complex 26, 94 . αPIX-deficient T cells are also less efficient at forming antigen-specific conjugates with APCs, which might be because of defective inside-out activation of lFA1 and reduced recruitment and clustering of lFA1 at the immunological synapse 26 . DOCK2-deficient T cells have defects in TCR-induced proliferation 56 . Analysis of signalling showed that in the absence of DOCK2, TCR-induced calcium flux and the activation of lCK, ZAP70, JNK (JUN N-terminal kinase), PYK2 (protein tyrosine kinase 2), AKT and PlCγ1 were all unaffected. However, DOCK2-deficient T cells had reduced TCR-induced activation of RAC1, RAC2 and ERK, as well as impaired immunological synapse formation. Although DOCK2-deficient T cells formed antigen-specific conjugates normally with APCs and showed the expected polarization of lFA1 and PKCθ to the synapse, there was greatly reduced recruitment of both the TCR and of lipid rafts to the T cell-APC interface 56 . It remains unclear how DOCK2 contributes to this process. It is curious that two GEFs, VAV1 and DOCK2, are both required for TCR-induced RAC1 activation. It is possible that they function together, as suggested by the observation that DOCK2 and VAV1 bind to each other 95 .
IBP-deficient CD4
+ T cells have reduced TCR-induced proliferation at high doses of TCR stimulation but increased proliferation at low doses 61, 62, 96 . IBP is required for TCR-induced calcium flux, ERK activation and nuclear translocation of the NFAT transcription factor 62, 97 . The defect in NFAT nuclear translocation seen in IBPdeficient T cells can be rescued either by a membranetethered domain of IBP containing the GEF activity or by a constitutively active form of CDC42. Constitutively active CDC42 also restores the TCR-induced calcium flux. Taken together, these results suggest that the GEF activity of IBP regulates NFAT activation through CDC42 and an increase in intracellular calcium (FIG. 7) .
In mice deficient for the Rho GDIs GDIα and GDIβ, there are decreased numbers of T cells and these have reduced TCR-induced proliferation 98 . These mutant T cells have decreased levels of RHOA, RAC1 and CDC42 proteins, perhaps because of increased proteolysis, although a larger fraction of the remaining GTPases are in the active GTP-bound state. It is probable that the phenotype of these mice is a complex superposition of partial disruptions to the function of the multiple GTPases that bind GDIs.
Although most analysis has been carried out on VAV1, it is clear that other GEFs (αPIX, DOCK2 and IBP) also transduce crucial signals during T cell activation and development. The interplay between these GEFs remains unclear.
T cell differentiation and function of effector T cells. RAC2 is expressed at higher levels in T helper 1 (T H 1) cells than in T H 2 cells 99 . This expression is important as RAC2-deficient T cells have selective defects in T H 1 cell differentiation and interferon-γ (IFNγ) production 99 . However, a subsequent study showed only a minor skewing of the T cell response towards the T H 2 cell lineage in RAC2-deficient mice challenged with Leishmania major 100 . In vitro culture of VAV1-deficient T cells under neutral or T H 2 cell-polarizing conditions resulted in reduced expression of Il-4, suggesting that VAV1 is required for normal T H 2 cell differentiation 101 . Furthermore, VAV1 is required in CD4 + T cells for Il-4 production in vivo, which could account for the defective T cell-dependent antibody responses seen in VAV1-deficient mice 9 . However, VAV1 is also involved in T H . In the absence of DOCK2, internalized Il-4 receptor-α is re-routed from lysosomes to recycling endosomes and is therefore not degraded but re-expressed on the cell surface, thereby promoting T H 2 cell differentiation. DOCK2 might control this trafficking by regulating microtubule dynamics through phosphorylation and inactivation of stathmin 104 . loss of the SWAP70-like GEF IBP results in a reduction of both T H 1 and T H 2 cell responses 62 . In vitro culture of IBP-deficient CD4 + T cells in polarizing conditions showed decreased production of both IFNγ and Il-4, which might be due to defects in TCR-induced activation of NFAT transcription factors 62 . However, another study found no defects in Il-4 production and reported reduced IFNγ secretion in IBP-deficient T cells cultured in non-polarizing conditions 61 . Female IBP-deficient mice over 5 months of age develop autoantibodies and an accumulation of effector/memory T cells and IgG1 + B cells 61 . Interestingly, when the same genetic mutation was crossed to transgenic mice expressing a monoclonal MHC class II-restricted TCR, the mice spontaneously develop an inflammatory arthritic disease that is characterized by hyper-responsive T cells that produce increased quantities of Il-17 and Il-21 and an apparent skewing of T cell differentiation to the T H 17 cell lineage 96 . This effect seems to be due to the regulation of the transcription factor IFN-regulatory factor 4 (IRF4) by IBP, which binds IRF4 and inhibits its function 96 . It is unclear whether this inhibitory function requires the GEF activity of IBP. In the absence of IBP, IRF4 activates the expression of Il-17, Il-21 and retinoic acid receptor-related orphan receptor-γt (RORγt), a transcription factor that is required for the development of T H 17 cells. Thus IBP contributes to T H cell differentiation and at least some of its functions might be GEF independent.
T cell migration. GTPases of the RHOA subfamily have an important role in the regulation of integrinmediated adhesion. Transgenic expression of constitutively active V14RHOA results in increased adhesion of both thymocytes and T cells through β1 and β2 integrins, whereas expression of C3 transferase, which inhibits RHOA, RHOB and RHOC, causes decreased adhesion 105 . Thymocytes expressing C3 transferase also show reduced chemotaxis in response to CXCl12 and CCl25 when migrating across membranes coated in fibronectin, a ligand for β1 integrins.
RAC2-deficient T cells show defects in chemotaxis to the lymphoid chemokines CCl19 and CCl21 and a mildly reduced ability to home to lymph nodes 100 . The partial nature of these phenotypes suggests that there might be redundancy between RAC2 and other GTPases (such as RAC1) in transducing chemokine receptor signals. Studies in human T cells show that both RAC1 and RHOA are required to transduce chemokine receptor signals to the activation of lFA1 by phospholipase D and PIP5K1γ 106 (FIG. 5) .
In the Jurkat T cell line, mutation of RHOH showed that it is required for the maintenance of the integrin lFA1 in a non-adhesive state 107 (FIG. 5) . A similar result was found using RNA interference to knockdown expression of RHOH in primary human T cells, which resulted in increased lFA1-mediated adhesion. These opposing functions of RHOA and RHOH in integrin regulation illustrate the complexity of Rho GTPase function.
Stimulation of human T cells with CXCl12 causes VAV1 to become phosphorylated and to relocalize to the leading edge of the cell 108 . Expression of a mutant form of VAV1 in these cells impairs CXCl12-induced cell polarization and migration, implying that VAV1 might be important for transducing signals from CXCR4 (the receptor for CXCl12). However, VAV1-deficient mouse T cells have normal chemotactic responses to CXCl12 (REF. 108 ). This difference might be because of functional redundancy between VAV2 and VAV3.
DOCK2 is required for the in vitro polarization and migration of T cells in response to CCl21 and CXCl12, and for their efficient homing to lymph nodes and splenic white pulp in vivo 29, 30 . Furthermore, intravital microscopy showed that DOCK2-deficient T cells had reduced interstitial movement within lymph nodes 31 . In the absence of DOCK2, T cells have normal CXCl12-induced calcium flux and activation of AKT and ERK, but reduced RAC1 activation and actin polymerization. In contrast to the requirement for DOCK2 in B cells for chemokine-induced adhesion to integrin ligands, DOCK2-deficient T cells adhere normally in vitro 30 . Furthermore, lack of DOCK2 does not affect either the rolling and arrest of T cells in the high endothelial venules of lymph nodes or their subsequent transmigration through the endothelial cell layer 30, 109 . However DOCK2 is required for the lateral mobility of T cells on both the apical and basal endothelial surfaces, and this could explain the inefficient homing of T cells to peripheral lymphoid organs in the absence of DOCK2 (REF. 109 ). DOCK2 is also required for S1P-dependent egress of T cells from secondary lymphoid organs 31 . Finally, αPIX-deficient T cells migrate more efficiently both in the presence and absence of chemokines, and T cells deficient in both GDIα and GDIβ migrate poorly in response to CXCl12, CCl19 and CCl21 (REFs 26, 98) .
lymphocyte polarization is crucial for in vivo migration. Polarized T cells are characterized by an actindependent leading edge, and a uropod and MTOC at the rear. Rho GTPase signalling is compartmentalized in these distinct regions with RAC1 and CDC42 acting at the leading edge through the WASP (Wiskott-Aldrich syndrome protein) and WAVE (WASP-family verprolin homologous protein) proteins, and Rho proteins at the rear acting through ROCK (Rho-associated coiled-coilcontaining protein kinase) 110 
. lymphocyte polarity has not been analysed in GTPase-deficient mice, although expression of dominant-negative and constitutively active GTPases shows that RAC1, RHOA and CDC42 are required to establish polarity in T cell lines [111] [112] [113] . T cells deficient for the RAC1 GEF TIAM1 (T cell lymphoma invasion and metastasis 1) show reduced polarization and chemotaxis in response to CXCl12. In addition to activating RAC1, TIAM1 may function as a scaffold protein by associating with active RAP1, which activates the PAR (partitioning defective) polarity complex through CDC42 (REF. 114 ). Genetic dissection of the proposed associations of TIAM1 with RAP1 and the PAR complex would be informative. In an assay of T cell shape regulation, αPIX and PAK1 were shown to be important for CXCl12-induced migration through restrictive barriers, such as extracellular matrix 115 . Imaging analysis of GTPase activity in distinct subcellular localizations within lymphocytes would greatly improve our understanding of the roles of individual GTPases in T cell polarization.
In summary, a complex picture is emerging of the roles of Rho GTPases and their regulators in T cell biology. The numerous processes perturbed by deficiencies of these proteins support the idea that they are involved in crosstalk between multiple signalling pathways.
Future directions and implications
Analysis of the lymphoid system in mice deficient in Rho GTPases or their regulators has revealed important roles for these proteins in signalling through antigen receptors, chemokine receptors and integrins, with crucial functions in development, activation, differentiation and migration.
Several themes have emerged from these studies. First, there is often redundancy between related proteins (for example, RAC1 and RAC2). Second, the GTPases seem to lie at focal points of crosstalk between signalling pathways, which could explain the large number of GEFs and GAPs compared with GTPases. Finally, in many cases proteins in these families have functions that are unrelated to the regulation of GTPases. For example, VAV1 and IBP might have GEF-independent functions and RHOH functions as an adaptor protein.
Several techniques will be essential for the resolution of these issues. Tissue-specific and inducible gene inactivation will be essential tools in establishing cellintrinsic roles for proteins, and for avoiding lethal mutations and/or developmental blocks, both of which can preclude the use of conventional knockout mice. The use of gene targeting to knock-in point mutations will be an invaluable technique to dissect the role of different signalling inputs and outputs from the same GTPase 116 . This can also be used to distinguish different functions within the same signalling molecule, for example determining which aspects of a GEF's function require its enzymatic activity and which might be due to adaptor function. It is possible that some of the GTPases or their regulators are compartmentalized in several intracellular pools, which would have distinct functions. Resolution of such pools will require careful biochemical or imaging analysis with higher resolution techniques than are currently available.
We note that at least 90 Rho GTPases and their regulators are expressed in lymphocytes (Supplementary information S1 (table)) and, for the majority, their roles in lymphocyte development and function have not yet been analysed. In many cases, suitable genetically modified mice have not been generated. It is clear that the analysis of the in vivo function of this key family of signal transducers has only just begun and far more remains to be discovered.
